In Saccharomyces, the addition of glucose to cells grown in media lacking sugars causes irreversible inactivation offructose bisphosphatase. One function of this process might be to prevent a futile cycle of formation and hydrolysis of fructose 1,6-bisphosphate. We tested such cycling by assessing the labeling of the 1-position of glucose in polysaccharides from [6 4C ]glucose (J.-P. Chambost [Navon et al., Biochemistry 18:4487-4499, 1979] ), as well as in the wild-type strain tested in the 1-h period before inactivation is complete. There was marginal, if any, cycling in any situation, and we conclude that the phosphatase activity is controlled by means other than inactivation or that the extent of cycling is too low to be significant, or both. For the fdp mutant data are also presented on growth, rate of glucose metabolism, metabolite accumulations, enzyme levels, and glucose transport, but the primary lesion is unknown.
Fructose bisphosphatase is found in Saccharomyces spp. grown in media lacking sugars, and both the activity and enzyme protein decrease by about 90%o within an hour of the addition of glucose (7) . It has been reasonably assumed that inactivation of the phosphatase prevents the reconversion of fructose 1,6-bisphosphate back to fructose 6-phosphate, which might otherwise wastefullly deplete ATP in a futile cycle (10) .
If such cycling did occur in the simultaneous presence of fructose bisphosphatase and phosphofructokinase and were deleterious to growth, one might expect to find mutants defective in inactivation and consequently defective in growth on glucose. Two candidate strains have been proposed. The fdp mutant of Saccharomyces carlsbergensis is defective in growth on glucose, fructose, and mannose but grows on glycerol, ethanol, and galactose. Glycolysis enzyme levels are not clearly affected by the mutation, and after the addition of glucose to gluconeogenically grown cells the phosphatase is not rapidly inactivated and ATP concentration falls instead (26) . The cif mutant strain of Saccharomyces cerevisiae has characteristics similar to the fdp mutant, and futile cycling was likewise proposed as an explanation of its phe-notype (18) . fdp and cifhave similar genetic map positions (18, 27) .
However, results of later studies with the fdp mutant strain suggested that the impaired phosphatase inactivation was probably the secondary consequence of an unidentified primary lesion (21, 27 ), and we believe (see below) that the same conclusion applies to the cifmutant strain. Therefore, both strains belong to that readily obtainable class of yeast mutants which are unable to grow on glucose, able to grow gluconeogenically, and without apparent defect in glycolysis enzymes (4, 5) . The primary lesion has not been identified in any of these mutants.
The present work is a new study of the fdp mutant strain, with the ultimate aim of identifying its lesion. The fact that fructose biphosphatase is not readily inactivated by glucose in this strain also provided an opportunity for the direct assessment of fructose 6-phosphate cycling by a new method (3) .
MATERIAS AND METHODS
Strin ad medi. Most experiments used the S. carlsbergensis wild-type strain (a lys2 MAL6), referred to as the FDP parental strain, and its mutant strain (a lys2 MAL6fdp), referred to as thefdp mutant strain. The strains were kindly supplied by K. W. van de Poli (26) . Some experiments employed the S. cerevisiae mutant strain 168-4b (a cjfural), referred to tories), and 0.4% yeast extract (BBL Microbiology Systems), supplemented as indicated. The strains were grown at 30°C. Dry weight. Formaldehyde was added to 2.7%, and the cells were collected by filtration, dried at 100°C for 4 h, and weighed to determine the dry weight.
Glucose isolation. Culture samples equivalent to 7 to 25 mg (dry weight) were centrifuged, and the cell pellets were treated for 1 h at 100°C with 2 ml of 20% KOH. After neutralization with 5 N HCl, the residue was washed twice with water and treated for 3.5 h at 1000C with 2 ml of 1 N HCl. The HCl was removed with Bio-Rad AG11A8, and the fractions containing glucose were evaporated to dryness. Paper chromatography (butanol-1-pyridine-H20, 6:4:3), descending for 20 h, showed that the radioactivity migrated as a single peak coincident with glucose, with a minor shoulder (less than 5%) migrating like mannose. Glucose was assayed by the Glucostat method (Sigma Chemical Co.). The enzymatic technique for obtaining the 1-position carbon was described previously (3).
Glucose uptake. Uptake was measured with [U-"Ciglucose (New England Nuclear Corp.; final specific activity, ca. 0.1 jXCi/4mol) essentially as described for Neurospora crassa by Schneider and Wiley (22) . Cells grown in medium with galactose at an absorbance at 580 nm (AS80) of 2 were washed and suspended at about 4 mg (dry weight) per ml in 50 mM KH2PO4-5 mM MgCl2 (pH 6.5). For each point, a 0.1-ml portion was first incubated for 2 min at 30°C; glucose was then added to the desired concentration. After either 10 or 20 s, 10 ml of ice-cold water was added, the culture was filtered (Whatman GF/A iflters), the cells were washed twice with 20 ml of water, and the ifiters were transferred to (19) , with the exception that neutralization of the perchloric acid was done with KHCO3. Assay of triose phosphate, and all metabolites "above" it in glycolysis, and of ATP and ADP all ultimately involved NADP' reduction by glucose-6-phosphate dehydrogenase, whereas 3-phosphoglycerate (and pyruvate) were assayed by conversion to pyruvate and subsequent NADH oxidation.
Enzyme asys. Enzyme extracts were prepared for assay by two passages through a French press at 20,000 lb/in2, followed by centrifugation for 2 h at 35,000 rpm in a Spinco 50 Ti rotor. For the fructose bisphosphatase assay, the extracts were first passed through a small Sephadex G-50 column (5) . The assay mixture contained 50 mM triethanolamine. 10 mM MgCl2 (pH 7.4), 0.5 mM fructose 1,6-bisphosphate, 0.2 mM NADP+, and phosphoglucose isomerase and glucose-6phosphate dehydrogenase in excess; the reaction was followed at 340 nm at 28°C.
The enzyme assays shown in Table 6 all employed in incubation mixture (pH 6.5) containing 40 mM morpholineethanesulfonic acid, 0.1 M KCI, 10 mM MgCl2, 2.5 mM mercaptoethanol, NADP+ or NADH, and the usual auxiliary enzymes (5) . The substrate concentrations were as follows: hexokinase, 10 mM glucose, 1 
RESULTS
Growth, fructose bisphosphatase, and glucose utilization. As tested on plates (Table 1 ) with the usual 1 or 2% concentration of carbon source, the fdp mutant strain failed to grow on glucose or fructose but grew almost normally on galactose, maltose, or glycerol. Glucose was completely inhibitory to growth on galactose or glycerol (or on maltose, pyruvate, or glycerol plus ethanol; data not shown). Very low concentrations of glucose, 0.01 to 0.02%, allowed some growth of the mutant and were not toxic to growth on the permissive carbon sources. The fdp mutant strain grew anaerobically on galactose or maltose but not on glucose.
The limited amount of data for the cif mutant strain showed a generally similar phenotype to the fdp mutant strain, but the growth defect on glucose was a little less severe (Table 1) . Table 1 also shows fructose bisphosphatase levels in some key situations. As is known, the wild-type strain showed no phosphatase activity during growth on glucose, and a typically "derepressed" level during growth on glycerol which fell to less than 10o by 1 h after the addition of glucose. In the same situation with the fdp mutant strain there was 50%o of the initial specific activity remaining after 2 h, whereas with the same strain in the conditions used for labeling (see below), i.e., the addition of glucose to a culture growing on glycerol plus ethanol, the phosphatase specific activity was still 30%6 of the initial value after 8 h. These data confirm the reported pattern (26) . We also confirmed (data not shown) that the fdp mutant strain grown on galactose or maltose contains, like the parental wild-type strain, very low phosphatase activity (26) and that phosphatase inactivation in the cif mutant strain does not occur for at least several hours after glucose addition to cultures growing gluconeogenically (18) . Interestingly, however, the slow prolonged growth on glucose of the cif mutant strain was found to give a typical, low, "4repressed" phosphatase level (Table 1) . This result alone makes it unlikely that its slow growth on glucose could be caused by futile cycling.
The key situations for growth in liquid medium are shown in Fig. 1 . During growth on glycerol plus ethanol, glucose had little effect on growth of the wild type in the first hour; this is the period when the phosphatase undergoes inactivation. In the same experiment with the fdp mutant strain, glucose was partially inhibitory to growth; this is the situation in which phosphatase activity falls only slowly. During growth on galactose (neither strain containing the phosphatase), glucose addition was completely inhibitory to the growth of the mutant (Fig. 1) .
Fructose 6-phosphate cycling. Four situations were examined. In the first two situations cycling was not expected because the phosphatase was absent: these are (i) the normal, rapid growth of the wild type, and (ii) the slow growth of the cif mutant on glucose for many generations from a small inoculum. The other two situations were cases where cycling might be expected because phosphatase activity was present: (iii) the period of 1 h immediately after the addition of glucose to a culture of the wildtype strain growing on glycerol plus ethanol, and (iv) the 8-h period in the same experiment with the fdp mutant strain (Fig. 1) .
The method used, which has been described previously for Escherichia coli (3), was to measure the labeling in the 1-position of a glucose 6- phosphate derivative after growth with [6- 4C]glucose. In the earlier work glycogen was used as the derivative, but in the present experi- [6- 4Clglucose. The specific activity of the isolated glucose was about equal to that of the substrate, and enzymatic decarboxylation showed that about 1.4% of the label was in the 1-position. With the cif mutant, also grown (albeit slowly) on glucose with long-term labeling (line 2), 1-position labeling of the isolated glucose was also very low, about 0.7%.
When labeling was performed for a limited time beginning with cultures containing phosphatase, the value of 1-position labeling was about 3% in both cases ( Table 2 , lines 3 and 4), a slight increase over the values found in the cultures without phosphatase activity.
As discussed previously (3), this method of assessing cycling depends upon equilibration of the label from the original 6-position of the input glucose into the 1-and 6-positions of fructose 1,6-bisphosphate. Such equilibration has been reported for yeast cells (6) and was also tested for each of the two cases of limited exposure to glucose in the present work by a procedure of enzymatic decarboxylation carried out on the unfractionated, acid-soluble cell extract (Table  3) . Complete equilibration would give a value of 50%1 labeling in the 1-position and, considering a These two experiments are analogous to experiments 3 and 4, respectively, of Table 2 , but instead of preparing glucose from the insoluble fraction, the acid-soluble fraction was obtained 1 h after the addition of [6- "4C]glucose, its fructose 1,6-bisphosphate content was assayed, and samples were treated enzymatically to obtain the 1-position carbon as "CO2 (3) . In experiment 2, the cells were concentrated fivefold in fresh medium before the addition of glucose to obtain a sufficient quantity of cells. The specific activity of [6-'4C]glucose was 68,000 and 34,000 cpml,umol in experiments 1 and 2, respectively.
b The amount of fructose 1,6-bisphosphate in cpm was estimated by assuming that its specific activity was equal to that of the input glucose.
c Complete mixture included sample, fructose bisphosphatase, phosphoglucose isomerase, glucose-6phos-phate dehydrogenase, and 6-phosphogluconate dehydrogenase. Mixture minus phosphatase, Fructose bisphosphatase omitted. The difference between the values equals the radioactivity from the 1-position of fructose 1,6- bisphosphate (3) . ' Efficiency of recovery with the sample plus 2,000 cpm of [1-14C] Rates of glucose utilization. Aside from delayed inactivation of fructose biphosphatase, perhaps the most striking abnormality of the mutants in question is their metabolite proffile after glucose addition: ATP levels are lowered and unusually high concentrations of fructose 1,6-bisphosphate are accumulated (18, 27) . It is not known how this pattern correlates with impaired growth nor whether impaired growth correlates with a slowed rate of glucose utilization. Under conditions analogous to those in Fig. 1 , glucose utilization was affected similarly to growth (Table 4) . Thus, the partial impairment of growth on glycerol was associated with a rate of glucose utilization about one-half normal (0.22 and 0.41 mg of glucose used per h per A58 in the parent and mutant strain, respectively; line 1), whereas the total impairment of growth on galactose, which was observed even with a glucose concentration as low as 0.02% (data not shown), gave utilization rates of 0.00 in the mutant and 0.10 in the parent (line 2). Interestingly, however, the same mutant cells grown on galactose used glucose at the normal rate in fresh medium not containing galactose (line 3) or in buffer (line 4), but these normal rates of utilization only occurred with low glucose concentrations. Thus, the same mutant cells which used 0.02% glucose at a rate of 0.15 (line 4) used 1% glucose at a rate of 0.05 (line 5), whereas in the parental strain the rate doubled between the two conditions (0.15 and 0.35; lines 4 and 5). It may be recalled that the mutant apparently does grow normally at very low glucose concentrations.
The low rate of utilization of 1% glucose by the mutant could be increased threefold or more by the inclusion of 1 mM dinitrophenol in the incubation mixture (line 6) or by using cells made permeable to metabolites by treatment with toluene (line 7 and Fig. 2) . The latter situation of in situ glycolysis is complex in that the products differ from those of whole-cell metabolism (1). However, since the ATP must come by glycolysis (i.e., 2 ATP per glucose), the overall glycolytic rate in the treated cells must be at least one-half the rate of glucose disappearance. Therefore, the glycolytic rate in the mutant must be at least twice as high (0.5 x 0.19) in treated cells as in intact cells (0.05).
These experiments also show that even in those situations in which glucose metabolism was abnormally slow, the capacity to use glucose faster was still present. The same conclusion would be reached by considering the defective growth and utilization of glucose by the mutant as compared with its normal growth on galactose.
Metabolite concentrations. Knowledge of the metabolite levels in the various situations might be expected to give some indication of the lesion and the cause of glucose toxicity; data are shown in Table 5 . Line 1 shows the control situation of growth on galactose, where metabolite concentrations were the same in the mutant and parental strains, and line 2 shows these concentrations in the parental strain grown on 1% glucose (the mutant does not grow on this concentration of glucose). Two situations of impaired growth or glucose utilization in the mutant (lines 3 and 4) and cases in which growth or glucose utilization were almost normal (lines 5-7) are shown. Unusually high concentrations of fructose 1,6-bisphosphate and most of the metabolites between glucose and [2] [3] [4] [5] [6] [7] [8] . In experiments 1 and 2 glucose was then added directly, whereas in experiments 3-6 the cells were removed, washed, and suspended as indicated. In experiments 4, 5, and 6 the buffer was 50 mM KH2PO4-5 mM MgCl2 (pH 6.5). The resuspension was made at an Am of about 1.0.
Glucose utilization was followed by assay over a period of 1 to 3 h, and the rates given are the maximum sustained rates, sometimes after a lag. The values shown for experiments 7 and 8 are taken from the data shown in Fig. 2. VOL. 2, 1982 on June 29, 2017 by guest http://mcb.asm.org/ Glucose transport. Although the sustained rate of glucose utilization was low under certain conditions in the fdp mutant strain, it is clear from the experiments on metabolite concentrations that glucose was taken up. Kinetic parameters of uptake were as follows (see above for details): Ki,m 1.60 and 1.25 mM for the parent and fdp mutant strains, respectively; Vmax, 238 and 323 nmol min-1 mg -1 (dry weight), respectively. We conclude that the transport systems do not clearly differ between the two strains. The same conclusion was reached by van de Poll and Schamhart by using 2-deoxyglucose (27). MgCl2, 10 mM NH4CI, 2 mM mer-observed, i contrast to the situation E. coli 10%o sorbitol, and treated with tolu-(3) The validity also depends on fructose 6-C-100. Glucose utilization was fol-phosphate and glucose 6-phosphate equilibrata fermentation mixture (pH 6.5) ing, which seems to be a reasonable assumption KH2PO4, 10 mM MgCl2, 10 mM in view of the work done in other systems (11) rcaptoethanol, 1OTo sorbitol, 1 mM and considering that in the mutant there was P, 0.2 mM AMP, 3 mM fructose 1,6-accumulation of both hexose monophosphates. iM NADH, 5 mM NAD+, and glu-Another assumption is that UDP-glucose, which al (untreated) cultures, glucose utili-is used for both glucan and glycogen biosynthermined as described in Table 4 fructose bisphosphatase was absent-long-term growth of the wild-type or the cif mutant strain on glucose-lack of cycling was the result exwere seen in all incubations of pected and serves partially to validate the methi glucose, a profile which sug-od in that, at least, there seems to be no other ipairment of flux beyond triose way of introducing label from the 6-position of ty be significant that the cases of glucose into the 1-position of glucose 6-phos-)lism (lines 3 and 4) were charac-phate. icularly high levels of internal
The significance of the marginal labeling oblevels of ATP, but it should also served in the two cases in which fructose bisglucose could be used at the phosphatase was present is another question. spite of the unusual metabolite The measured activities of phosphofructokinase lines 5-7).
and fructose bisphosphatase at the time of glucyme levels. The complete en-cose addition were in a ratio of about 5:1. Since s obtained for cultures grown on even in the short-term experiments there was ubated with glucose 1 h before loss of phosphatase activity over the 1-h period and less complete data are also in the wild type and over the 8-h period in the -s grown gluconeogenically (Ta-mutant, we assume that activity was present at tant strain showed a complete an average level of no more than 50%o of its glycolysis enzymes even after initial derepressed value; therefore, the average :ondition of growth impairment, ratio of kinase to phosphatase activity would D unambiguous indication of any have been at least 10:1. If the phosphatase were ne level in the mutant which active in vivo during glucose catabolism, then or its phenotype (see below).
the extent of cycling expected would also de- a Experiments 1, 2, and 6: Extracts were made from cultures growing on the indicated carbon sources. Experiment 3: Glucose was added to cultures growing on galactose, and extracts were made after a 90-min incubation. Experiments 4, 5, and 7: Cultures growing on galactose were washed and suspended in buffer with the indicated additions, and extracts were made after a 60-min incubation (see Table 4 , footnote a).
b Gal, Galactose; Glu, glucose. These data, together with the results of experiments on growth and glucose fluxes, seem to fit the description that growth on sugars is relatively normal when it is limited at an early stage, as with a low glucose concentration (0.02%, ca. 1 mM, is not saturating for transport) or with galactose. At a more usual glucose concentration (1%), growth is impaired. It seems likely that the low ATP levels are more significant in growth impairment than the unusual metabolite accumulations, but the latter do seem to indicate a partial functional defect in glycolysis.
Various models might be speculated on, and their variety illustrates our ignorance. First, there might be a partial glycolytic block at triose phosphate affecting the rapid flux from glucose but not the slower flux from other sugars. The accumulation pattern points to glyceraldehyde-3-phosphate dehydrogenase and, as there are several isoenzymes (9), a deficiency of one might not be apparent by assay. Although we have not observed clear differences between the mutant and parental strains even when assaying the reaction in the forward direction (data not shown), the present data do not rule out this or another type of lesion in the glycolytic pathway.
Second, some ancillary function needed for glycolysis might be impaired. The abnormal pattern of metabolite accumulation superficially recalls the Harden-Young effect in extracts, which is avoided by adding ATPase (16) . In particular, some dysfunction of the cytoplasmic membrane ATPase could be imagined which could also relate to faster metabolism in toluenized cells and stimulation of the metabolism by dinitrophenol. Impairment in the provision of inorganic phosphate could be invoked analogously; it was reported for the cif mutant strain that internal inorganic phosphate was not detectable by pH difference from exogenous phosphate during glucose metabolism (18) .
Third, as van de Poll and Schamhart suggested (27), some unspecified alteration in transport might cause the other effects. For example, if glucose uptake by whole cells was accompanied by proton entry, various results might be rationalized. Although glucose uptake parameters were normal, the system is not well understood. Preliminary experiments show that after a period of exposure to glucose, uptake was much slower.
